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The Pichia pastoris N^lycosylation pathway is only partially homologous to the pathway in human cells. In 
the Golgi apparatus, human cells synthesize complex oligosaccharides, whereas Pichia cells form mannose 
structures that can contain up to 40 mannose residues. This hypennannosylation of secreted glycoproteins 
hampers the downstream processing of heterologously expressed glycoproteins and leads to the production of 
protein-based therapeutic agents that are rapidly cleared from the blood because of the presence of terminal 
mannose residues. Here, we describe engineering of the P. pastoris N -glycosylate pathway to produce ^ 
nonhyperglycosylated hybrid glycans, This was accomplished by inadrvalion of OCHl and overexpression to* an 
o>I,2-mannosidase retained in the endoplasmic reticulum and AT-acetylglucosaminyltransferase I and 
galactosyltransferase retained in the Golgi apparatus. The engineered strain synthesized a nonsialylated 
hybrid-type N-Hnked oligosaccharide structure on its glycoproteins* The procedures which we developed allow 
glycan engineering of any P. pastoris expression strain and can yield up to 90% homogeneous protein-lmked 
oligosaccharides. 


Most protein-based therapeutic agents produced in heterol- 
ogous expression systems are glycosylated, a modification that 
is crucial for correct folding, stability, and bioactivity of the 
protein and influences its pharmacokinetic properties, such as 
tissue distribution and blood clearance. Glycoproteins with 
terminal sialic acids on their glycans persist longer in the blood 
than glycoproteins with terminal galactose, jV-acetyiglyco- 
samine, or mannose residues because the latter compounds are 
cleared rapidly via receptors in the liver and on reticuloendo- 
thelial cells (e.g., the asialoglycoprotein receptor and the man- 
nose receptor) (10 ? 20, 30, 31), In addition, glycan structures 
produced in nonhuman cells can cause immune reactions, as 
exemplified by the reaction against xenografts of porcine ori- 
gin; these reactions are primarily caused by the presence of 
a-galactose on the glycoproteins (7). Another example is the 
immune reaction against glycoproteins from yeast, which re- 
suits from the presence of o>'l,3-mannose, 0-linked mannose, 
and/or phosphate residues in either a phosphomonoester or 
phosphodiester linkage (1, 32). Consequently, recombinant 
glycoproteins produced for therapeutic applications should be 
expressed in heterologous hosts that produce protein-linked 
oligosaccharides that closely resemble those of humans* 

One of the advantages of tising a yeast system for production 
of glycoproteins is the ability of such a system to perform 
Asn-linked glycosylatiom a process that does not occur in Esch- 
erichia cotL The N-giycosylation pathway of Pichia pastoris has 
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been reviewed recently by Bretthauer and Castellino (3). This 
methylotrophic yeast is an excellent candidate for production 
of protein-based biopharmaceutical agents (12). 

Yeast N glycosylate has been studied mostly in baker's 
yeast mutants defective in giycosylation. The studies revealed 
that the yeast N-giycosyiation pathway mirrors the pathway in 
typical mammalian ceils up to the point where Man 8 GlcNAc 2 
N-glycosylated proteins exit from the endoplasmic reticulum 
(ER) and are transported to the early Golgi apparatus. In the 
mammalian Golgi apparatus, the Ma%GIcNAc 3 glycans are 
trimmed to MansGIcNACj, and then they are further modified 
into complex glycans (18). The first elongation step is the 
addition of GlcNAc, which is catalyzed by p-AT-acetylglu- 
cosaminyltransferase I (GnTl). Further processing is per- 
formed by a number of gfycan-processing enzymes. This in- 
cludes trimming of two mannose residues by mannosidase II, 
addition of GicNAc by several GlcNAc transferases, addition 
of galactose by gal actosyltranf erases, and sialylation by sialyl- 
transferases. These modifications result in a Large variety of 
possible N-glycan structures in mammalian cells, as described 
by Fufcuda (15). 

In contrast, Man $ GlcNAc 2 glycans in yeast are not trimmed 
but are generally elongated further, sometimes forming hyper- 
mannosyl glycans that constitute the bulk of the glycoprotein's 
molecular mass. Hype rmannosy ration is initiated by the ot-1,6- 
mannosyltransferase Ochip. The a-l ? 6-mannose residue is 
then elongated by several mannosyitransf erases and phospho- 
mannosy [transferases to produce the large hypermannosyl 
structures (14), 

As described above, the presence of nonhuman glycan struc- 
tures on therapeutic glycoproteins can be detrimental to 
bioactivity and safety due to the faster blood clearance of 
glycoproteins with terminal mannoses and the potential immu- 
nogenicity of nonhuman glycans. Furthermore, hyperman- 
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nosylation leads to a high degree of heterogeneity that can 
hamper downstream processing of recombinant glycoproteins 
and may complicate complete molecular characterization of 
the molecules. 

As expected, inactivation of the OCHl gene in Saccharomy- 
ces cerevime eliminates hypermannosylation, but unfortu- 
nately it is also severely detrimental to yeast viability (9). 
Moreover, inactivation of the S. cerevhiae OCHl gene does not 
lead to a homogeneous N-glycan patten). The phosphoman- 
nosyltransferase Mnn6p and the a4,3-maniiosyl transferase 
Mnnlp both modify the Man s GlcNAc 2 core glycan. Thus, a 
triple-loiockout strain is needed to obtain a homogeneous 
Mai%GicNAc 2 pattern, and the viability of such a strain is 
severely impaired. Further introduction of an ER-retained 
a~L2-maimosidase led to production of only about 20% 
Man 5 GlcNAc 2 on the yeast glycoprotein carboxypeptidase Y 
(8). Thus, so far N-giycan homogemzation in baker's yeast has 
been an Inefficient process, and the strains obtained might be 
too weak for general use in glycan engineering and subsequent 
glycoprotein production. 

Nevertheless, the previous studies paved the way for N- 
glycan engineering in fungi. With the information described 
above in hand;, we focused on developing a simple and effective 
tool for homogenizing and humanizing N glycosylation in the 
methylotrophic yeast P, pastoris, which is widely used in bio- 
technology. The steps used included inactivation otOCHl and 
overexpression of an ER-retained HDEIrtagged a-l t 2-man- 
nosidase and two chimeric glycosyitransferases, Kre2-GnTI 
and Kre2-p4>4-galactosyitransferase (Fig. 1). 

MATERIALS AND METHODS 

Vector contraction and transformation. All recombinant DNA procedures 
were performed by using standard methods (27). Chemicals and enzymes were 
obtained from major suppliers. 

APichia open reading frame (ORF) homologous to OCHl, available from the 
GenBank database (accession no. El 2456), was PGR cloned in pUCl8 from 
genomic DNA of strain GS11S (Invitrogen) by using the following primers: 
5' AGATCTGCCTGACAGCCTTAA3 ' and 5 ' GTCGACGTTCTTGTCAATTC 
G3' . The identity of the amplified DNA fragment was confirmed by sequencing. 

Plasm id pGlycoSwitchM8 (Fig. 2) contains a fragment of the P. pastoris OCH I 
ORF corresponding to the protein sequence from Ala25 to AlalSS that is 
inset ted between the Bglli and Hindi!! sites of pPlCZB (Invilrogen). Two stop 
codons are located in frame just before codon Ala25 to prevent the possible 
synthesis of a truncated protein resulting from a potential start of transcription 
from a potential cryptic promoter activity located upstream of the Aia25 codon. 
The BstBI site of the polylinker of pPlCZB was eliminated by digestion> filling m, 
and seif-Iigation. The unique BstBI site located in ihe cloned OCHl fragment 
can be used for linearization (Fig. 2 shows an overview of the OCHl inactivation 
strategy). 

pPICPMFManHDEL (£535 bp) was constructed by inserting an EcoRI-N r otI 
fragment of pGAPZMFManHDEL (5) into pPIC9 (Invitrogen) opened with the 
same restriction enzymes. 

pGlycoSwitchM5 (5,4S5 bp) (Fig. 3 A) was constructed as follows: (t) an Xbal/ 
Cial fragment of pPIC9> containing the P. pasiom H1S4 transcriptional termi- 
nator sequence^ was inserted between the Hindlll and EcoRI sites of pGlyco- 
SwitchMS; and (ii) the 23-kb Bglll-NotI fragment of pGAPZMFManHDEL (5), 
containing the GAP promoter and the preMFmannosidaseHDEL cassette, was 
inserted between the Hind HI and NotI sites. All restriction sites used for this 
construction (except the NotI site) were filled in with the Klenow DNA poly- 
merase. The unique BstBI site in pGAPZMFmanHDSL had been eliminated as 
described above. 

In order to target the human GnTI to the Golgi apparatus, the GnTI N- 
termmal portion was replaced by the S. cwevisiae Kre2 N*terminal portion that 
is responsible for localization In the yeast Golgi apparatus (21). Plasmid 
YEp352Kre2 (kindly provided by Howard Bussey T McGill University, Montreal, 
Canada) contained the KKE2 gene cloned with SacI and PvuII in a Sail (Klenow 


polymerase blunted)- and Sacl-opened YEp352 vector. This plasmid was di- 
gested with SacI and Pvul and was blunted with T4 polymerase. The 5* end of the 
gene was isolated and cloned in a Klenow polymerase -blunted SgrAf- and Xbal- 
opened pUChGnTl (23) vector. The site of ligation of the two DNA fragments 
was sequenced by standard procedures. The resulting Kre2-GnTl ORF, contain- 
ing the N^termmal part of the KPE2 gene (the first 100 amino acids) and the 
catalytic domain of GnTI (the last 327 amino acids), was isolated by EcoRV/ 
Hindlll double digestion and ligated into a Sail- and EcoRI -linearized pPIC6A 
vector (Invitrogen) after both the vector and the insert were blunted with Klenow 
polymerase. The resulting piasmid was designated pPIC6Kre2Gn'ff. (Fig. 3B). 
This plasmid contained the Kre2-GnTf ORF under control of the methanol- 
inducible AOX1 promoter and the BSD gene from Aspergillus terreus for resis- 
tance to the antibiotic blastiridin (Fig. 3B). 

Human (M r 4-galactosyltran$£erase was localized by fusion of the catalytic 
domain to the N-terminal portion of Kre2p in the same way that was used to 
target GnTI. The human [M,4-galactosyltransferase 1 cDNAwas amplified horn 
a HepG2 cDNA library by using oligonucleotides 5'TTCGAAGCTTOGCTAG 
CTCGGTGTCCCGATGTC3 ' and 5' GAATTCGAAGGG AAGATGAGGCTT 
CGGGAGCC3* as starter sequences. The amplified fragment was cloned with 
Hindlll and EcoRI into pUC18. To remove the N-terminal portion of (34,4- 
galsctosyltransferase, a PGR was performed with oligonucleotide primers 5'TT 
CGAAGCTTCGCTAGCTCGGTGTCCCGATGTC3 ' and 5'CGTTCGCGAC 
CGGAGGGGGCCGGCCGCC3 '. The amplified fragment was cut with Nrul 
and rhndlll and ligated into the SgrAI (Klenow blunted)- and HindHI-opened 
pUGKre2GnTI vector. The resulting Kre2-p-l,4-galactosyitransferase fusion 
construct was amplified by performing PGR with primers 5TCGATATCAAG 
CTf AGCTCGGTGTCGCGATGTC3 ' and 5'GAATTCGAACTTAAGATGG 
CCCTCTTTCTCAGTAAG3 ' . The amplified fragment was cloned with EcoRV/ 
BstBI into the pBLURA IX vector (6) {kindly provided by James Cregg> Keck 
Graduate Institute of Applied life Sciences, Clasemont, CaliL). Finally, the URA3 
gene was replaced by a kanamycin resistance cassette by ligating a vSpel-Smal frag- 
ment from the vector pIW>a-KanMX4 into the Spel- and Sspl-opened plasmid. The 
final plasmid was designated pB!KanMX4Ki'e2hGalT (Fig. 3Q. 

The plasmids were transformed in Pkhfa strain GS115 (Invitrogen) as de- 
scribed previously (13). Gorrect genomic integration at the R pastom OCHl 
locus was confirmed by performing PGR with genomic DNA. 

Protein preparation. The secreted version of the Tncho<kmu reesei ct-l T 2- 
mannosidase was purified by using a combination of hydrophobic interaction 
chromatography, ani on -exchange chroma tography, and gel filtration chromatog- 
raphy, as described previously (22, 29). Ail sodium dodecyl sulfate (SDS)-poly- 
acrylamide gel electrophoresis (PAGE) experiments were performed with 10% 
polyacryl amide gels under standard running conditions. Yeast cell wail manno- 
proteins were released as described by Batlou (1). The protocol involved exten- 
sively washing yeast cells with 0.9% NaG and water, autodavmg them for 90 min 
in 20 mM sodium citrate (pH 7), and then precipitating the released proteins 
with 4 volumes of methanol. Due to the simplicity of this protocol, we found that 
the derived mannoprotem preparations were well suited for phenotypic glycan 
analysis of at least IS yeast clones obtained after each glyco engine ering trans- 
formation. Id this way, fast and direct data for determination of the efficiency of 
each manipulation step were obtained. 

N-glycan analysis. We performed laser- induced, DNA sequencer- assisted 
(DSA), fluorophore-assisted carbohydrate electrophoresis (FAGE) with an ABT 
377 DNA sequencer as described previously (4). Glycoproteins were denatured 
in RCM buffer (8 M urea, 360 mM Tris [pH 8,6], 3.2 mM BDTA) at S0°C and 
were subsequently immobilized on a multiscreen Immobilon-P plate. This plate 
contained at the bottom of each well a polyvinyl idene dimioride membrane to 
whidi the glycoprotein bound. Liquid could be withdrawn by applying a mild 
vacuum to the bottom with a multiscreen vacuum manifold. The glycoproteins 
were reduced with 0,1 M dithiothreitol, and the SH groups were carboxymethy- 
lated by using 0.1 M iodoacetic acid. The unoccupied places on the Immobilon-P 
plate were saturated with 1% polyvinylpyrrolidone 360. N-glycans were released 
from the glycoproteins by treatment with peptide: N-glycosidase F (100 U in 20 
\il 10 mM Tris-acetate [pH 8.3]; New England BioLabs). N-glycans were recov- 
ered and derivatizod with the fiuorophore 8-amrnopyrene-l3 1 o-tmulfonate by 
reductive amination, R\cess label was removed by mo fractionation on Sephadejc 
G-10 resin by using a multiscreen format procedure. After concentration of the 
l-aminopyrene-3,6,S4mulfonate~!abeled oligosaccharides by evaporation, a 
RGX-labeied Genescan 500 standard mixture (Applied Biosystems) was added 
for internal standardization. This mixture was examined with an ABI 377A DNA 
sequencer (Applied Biosystems) by using a 12% polyacry! amide gel aid a buffer 
containing 89 mM Tris, S9 mM borate, and 2.2 mM EDTA. Glycans wei^e detected 
at the end of the gel with an Ar laser. On each gei f N-glycans of bovine RNase B and 
a maltodextrose ladder were included as references. Data analysis was performed by 
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FIG. I Overview of yeast and mammalian N-lmked glycosylate and the strategy used for humamzation of P, postorls glycosylation. In the 
nongryeoengineered BR Man 9 GicNAc2 (M9) is trimmed to Man 8 GlcNAc 2 (MS) by removal of one a«l,2-mannose residue, after which the 
glycoproteins are transferred to the ctf~Golgi apparatus. In the nonengineered yeast Golgi apparatus N-glycans are further elongated by transfer 
of one «-l r 6-mannose residue by the initiating ot-l^-mannosyltransferase (Ochlp), These N-glycans can be further enlarged by several mannosy]*- 
and phosphomannosyltransferases to obtain hypermannose structures. In the mammalian Golgi apparatus, the Ma%GlcNAc 2 structure is 
shortened to Man 5 GlcNAc 2 before addition of a GIcNAc residue by GnTI. Subsequently, two mannose residues are removed by mannosidase II 
(Manll). The resulting GlcNAcMan 3 GlcNAcv, structure is further modified by several glycosyltransferases, resulting in a complex-type N-glycan, 
Alternatively, GlcNAcMan 5 GlcNAc2 (GnM5) can be elongated by fM,4~galactosyUransf erase (GalT) to produce a hybrid structure. The lower left 
panel shows the strategy used and the objectives for glycoengineering of P. pastoris. The en2ymes introduced are indicated by solid ellipses. An 
HDEL4agged c^l,2-mannosidase is targeted to the ER, trimming all a»l,2*mannose residues. This mannosidase is recognized by the I-LDEL 
receptor in the Golgi apparatus and is transported back to the ER by COP I-coated vesicles, Inactivation of OCH1 prevents elongation of the 
oligosaccharides to hypermannose structures, as the presence of an initiating a4,6-mannose residue is a prerequisite for further elongation. 
Further modification occurs by overexpression of Golgi apparatus-localized GnTI and (3-1,4-galactosyltransferase. This localization is accomplished 
by fusion of the catalytic parts of the two enzymes to the sequence that is responsible for targeting of the o>l,2-mannosyttransf erase (Kre2p) to 
the Golgi apparatus of S. cerevisiae. The hybrid structure that is finally obtained is enclosed in a box. 


using the GENESCAN 3.1 software {Applied Biosystems). BKoglycosidase treat- 
ment of labeled glycans with (3^ r -aectyjhexosamimdase (Gfyko) and j3-galactosidase 
(Prozyme) was perfonned overnight at 3TC in 20 mM sodium acetate (pH 5.0). 

Classical FACE {S-ammonaphthakne-l^^-trisulfonate labeling of N-glycans 
and electrophoresis on 30% polyacrylamiide minigels) was performed as de- 
scribed by Jackson (17), The DSA-FACE method is characterized by very high 
resolution and sensitivity, whereas classical FACE is well suited for detecting 
very complex mixtures of m'gb-moleculai'-weight N-glycans (hyperglycosylation), 
which are not resolved and therefore form an easily recognizable- smear, Thus, a 
combination of the two methods gives a more complete picture of the charac- 
teristics of yeast-produced glycoproteins. 

Growth curve determination, logarithmically growing yeast cultures were 
diluted with fresh YPD medium to an optical density at 600 nm (OD^) of 
and grown overnight at 30*C with shaking at 250 rpm (12 h; OD^ 0 , <3- n )- To 


start the experiment, 10-ml portions of fresh YPD medium in 50- ml polypro- 
pylene tubes were inoculated with overnight yeast cultures to obtain a starting 
ODfioo of 0,5, and the OD 6W , was determined every 2 h. All yeast strain were 
examined in parallel in the same experiment. 

RESULTS 

Inactivation of OCBL A P. pastoris gene homologous to S. 
cerevisiae OCH1 has been described in a Japanese patent It is 
unfortunate that the results described in the patent have not 
appeared in the peer-reviewed literature. Nevertheless, we 
used the sequence that is available in the GenBank database in 
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FIG. 3- Plasmtds used for gEycan engineering of P. pastoris. 


our attempts to knock out the gene by double homologous 
recombination. However, it was apparent from our results that 
double homologous recombination at this Plchia focus is at 
best a rare event. We were unable to obtain a strain with the 
targeting construct correctly integrated, even with homologous 
regions that contained up to 3 kb of isogenic genomic DNA, 
The targeting strategies tested included prescreening for tem- 
perature sensitivity at 37*0 and screening for vanadate resis- 
tance (both hallmarks of severe N-glycosylation impairment in 
S. cereviswe), as well as the use of different positive selection 
markers (Zeocin, G418, S< cerevisiae invertase). Several hun- 
dred clones were screened without success. We concluded that 
double homologous recombination targeting of the Pichia 
OCHl locus is a highly inefficient procedure. If it is possible at 
all This inefficiency would hamper the use of any resulting 
N-gJycan engineering vector for routine introduction into op- 
timized heterologous protein -expressing strains. 

We therefore decided to use the known stability of genomic 
arrangements resulting from knockin strategies in Pichia. 
Knockin of protein expression vectors in Pichia is routinely 
done at the A0X1 orHI84 locus, and the result is duplication 


of the homologous regions on the expression vectors. The fact 
that this genomic arrangement can be sufficiently stable in 
Pichia is exemplified by the expression vector for human serum 
albumin, which has been stably integrated for over 10 years 
under selective conditions on the laboratory scale, and in the 
absence of selection in up to 100,000 liters of culture (Bennett 
Cohen, personal communication). Therefore, we generated a 
vector designated pGlycoSwitchM8 (Fig. 2) that included bp 73 
to 467 of the R pastoris ORF homologous to OCHl, preceded 
by two in-frame nonsense codons to avoid read-through from 
potential earlier translation start sites in the vector. This frag- 
ment contained a centrally located BstBI site which was con- 
venient for vector linearization before transformation and was 
3' linked to the AOX1 transcription terminator sequence. 
Upon integration into the genomic OCHl locus of Pichia, this 
vector duplicated the OCHl sequence present in the vector. 
The resulting first copy of OCHl gave a translation product 
that was at most 161 amino acids long (6 amino acids of which 
were from vector sequences). This translation product did not 
contain the catalytic domain of this type II transmembrane 
protein. The second copy of OCHl lacked the coding sequence 
for the first 25 amino acids, and two in-frame stop codons 
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prevented any read-through from potential upstream transla- 
tion initiation sites. This strategy should have eliminated the 
activity of the OCH1 gene. 

The vector was transformed in strain GS115, and the se- 
lected transform ant was designated GlycoSwitchM8 or the 
ochl strain, PGR performed with genomic DNA and the 
primer combinations shown in Fig. 2 showed that there was 
correct integration of this construct at the expected genomic 
locus in about 50% of the Zeocin -resistant transformants (av- 
erage of three independent experiments). This frequency re- 
sembled that of knockin of expression vectors in either AOX1 
or HIS4 and was certainly high enough for practical routine 
use. 

Analysis of the cell wall mannoprotem N-glycaus revealed a 
change in the glycosylation pattern. Whereas the Man 9 GlcNAc 2 
peak was the predominant peak for wild-type strain GS115, for 
the GiycoSwitchMS strain the main peak was the Man^GlcNAc 2 
peak (Fig. 4 ? panels 2 and 3). This phenotype reverted after 
retramsformation of die strain with the original OCH1 ORF 
(results not shown). 

To evaluate whether the heterogeneity of secreted glyco- 
proteins was decreased in the GlycoSwitchMS strain, we het- 
erologousiy expressed the hyperglycosylated T reesei ot-1,2- 
mannosidase as a secreted protein in wild-type strain GS1I5 
and the GlycoSwitehMS strain, as described by Mar as et aL 
(22). The supernatant was separated by SDS-PAGE (Fig. 5A). 
The gel revealed that the smear was absent from the proteins 
produced in the GlycoSwitehMS strain. In parallel, the glyco- 
protein was deglycosylated by PNGase F treatment, and the 
glycans were analyzed by FACE on minigek In this system the 
large hyperglycosyl structures were not resolved and appeared 
as one smeared band (Fig, SB), This smeared band was absent 
from the ochl strain, showing that heterogeneity decreased. 

Expression of ER-retained mannosidase-HDEL. To further 
humanize the N-glycans of P. pastoris, ER-retained T. reesei 
a4,2-raannosidase-HDEL was expressed in the ochl strain. 
Construction of expression vectors and preliminary analyses 
have been described prevlotisly by us. 

For easy conversion of a P. pastoris expression strain > the 
mannosidase-HDEL was introduced into the ochl inactiva- 
tion vector. This combination vector was designated pGiyco 
Switch M5. Correct integration of the vector was evaluated 
by PCR analysis, and mannoprotem N-glycans were analyzed 
by DSA-FACE. The glycan profile revealed a homogeneous 
Ma%GlcNAc 2 peak (Fig. 4, panel 4). Integration of the 
Man 3 GicNAc 2 peak and of ail the small peaks above the de- 
tection limit of this method (signai/noise, >3) in the size range 
from 5 to 25 glucose units revealed that this higher-eukaryote 
type of high-mannose glycan accounted for at least 90% of the 
total N-glycan pool present in the mixture. 

In an alternative approach, mannosidase-HDEL was ex- 
pressed under control of the methanol-inducible promoter 
AOXL No apparent differences in the N-glycan profiles of the 
two mannosidase-expressing strains (i.e., constitutive and in- 
ducible) could be detected, 

To confirm N-glycan modification on a heterologously ex- 
pressed glycoprotein, we transformed the pGlycoSwitchM5 
plasmid into a Pichia strain expressing the fraw-siaiidase of 
Trypanosoma cruzi (19). In this case, Man 5 GlcNAc 2 was de- 
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FIG, 4. DSA-FACE analysis of N-glycans from different glycan- 
engineered P, pastoris strains. Panel 1 shows the results for a rnalto- 
dextrose reference. Panels 2 through 9 show the results for N-glycans, 
as follows; panel 2, wild-type strain GS115 (the main peak is 
Man 9 G!cNAc2 [M9]); panel 3, strain with ochl inactivated (the main 
peak is MangGlcNA^ [MS]); panel 4, strain with ochl inactivated 
expressing mannosidase-HDEL (the main peak is Man 5 GicNAc 2 
[M5]); panel 5, strain with ochl inactivated expressing mannosi- 
dase-HDEL and Kre~GnTI (the main peak is GlcNAc 
Ma%GlcNAc 2 [GnM5]); panel 6, same as panel 5 but the glycans 
were treated with jS-N-acetylhexosammidase (the GlcNAc 
3Maii 5 GlcNAc2 peak shifted to the MangGicNAc^ position, indicating 
that terminal GlcNAc was present); panels 7 and 8, strain with ochl 
inactivated expressing mannosidase-HDEL, Kre2-GnTl, and Kre2«(S- 
1,4-galactosyItransferase (the additional peak is GalGlcNAc 
Man s GlcNAc2 [GalGnM5]); when the culture was treated with p~ga- 
lactosidase, the small peak disappeared;, as shown in panel 8); panel 9, 
reference glycans from bovine RNase B (Man 5 _ 9 GlcNAc 2 [M5-M9]). 
RRJ, relative fluorescence units. 


tected on the purified protein and accounted for more than 
95% of the total N-glycans (results not shown). 

Growth curve analysis of the engineered strain in a shake 
flask culture demonstrated that its doubling time was very 
similar to that of the wild- type strain. However, the glycoengi- 
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FIG. 5. Evaluation of hyperglycosylalion after maetivation of P. 
pastoris OCH1. (A) Coomassie brilliant blue-stained SDS^PAGB gel 
containing supematants of P. pastoris strains secreting T, reesei maii- 
nosidase. For the noneuginecred strain (WT) a clear smear is visible, 
whereas this smear is not present for the strain with ochl inactivated 
[ochl (M8)J, (B) FACE analysis of N-glycans derived from mannosi- 
dase secreted by a nonengineered strain (WT) and a strain with ochl 
inactivated [ochl (M8)], The bands with greater eleclrophoretic mo- 
bility are the ManS and Man9 bands and represent core N-glycan 
structures. The hyperglycosyl structures are slowly migrating sugars. 
They are not present in the strain with ochl inactivated. 


neered strain reached the stationary phase at an optical density 
that was about 20% lower than that of the wild-type strain, 
possibly due to somewhat higher sensitivity to the stress of high 
ceil density. Nevertheless, this phenotypic difference was much 
less pronounced in Pichla than in the S. cerevisiae ochl strain. 

Expression of Golgi apparatus-localized GnTI (Kre2- 
GnTI). The first step in the maturation of the N«glycans into 
complex oligosaccharides is the addition of a GlcNAc residue 
by GnTI. To act on endogenously synthesized glycans, GnTI 
must be targeted to the Golgi apparatus. Previous results for 
expression of rat GnTI in S, cerevisiae indicated that the mam- 
malian Golgi retention signal does not function in yeast, since 
GnTI activity was observed ail over the cell (33). Lussier et ai. 
(21) studied the localization of the a4,2-mannosyhransferase 
Kre2p in S. cerevisiae* This type II membrane protein is local- 
ized in the early to medial Goigi compartments. The protein's 
N terminus (which is in the cytosol), its transmembrane region, 
and parts of the luminal stem region together are responsible 
for this localization. Therefore , we replaced the N-terminal 
part of GnTI, including the eytosolic part, the transmembrane 
region, and part of the luminal stem region, with this yeasf s 
Kre2 signal sequence. This resulted in a chimeric protein 
whose first 100 amino acids were from Kre2p and last 327 
amino acids were from GnTI. Indeed, recent results indicated 
that a chimera of Kre2p and human |M,4-galactosyl transferase 
was retained as an active enzyme in the yeast Golgi apparatus 
(28). 

For expression in R pastoris, the Kre2-GnTI fusion construct 
was placed under control of the strong methanol-induced 


AOX1 promoter in a plasmid containing the blasticidin resis- 
tance marker. The construct was transformed after lineariza- 
tion in the AOX1 sequence with Nsil in a GS115 ochl strain, 
expressing ot-l^maimosidase-HDEL. The presence of the 
construct was con firmed by PGR performed with genomic 
DNA and the AOX1 3' and 5' primers. 

N-glycans of mannoproteins of several transformants were 
analyzed by DSA-FACE. The dominant peak was about one 
glucose unit larger than the Man s Glc.NAc 2 peak (Fig. 3, panel 
5). To determine whether this peak had a terminal GlcNAc, 
exoglycosidase digestion was performed with 0-N-ac©tylke-x- 
osaminidase, an enzyme that hydroiyzed p-GlcNAc linkages 
and caused the peak to shift back to the Man s GlcNAc 2 peak 
position (Fig. 3, panel 6). The shift indicated that the original 
peak represented GlcNAcMari 5 GIcNAc 2 and thus the correct 
in vivo activity of the chimeric GnTI enzyme. 

Interestingly, overexpression of the Ere2-GnTI chimera led 
to almost complete conversion of Man s GlcNAc 2 to GlcNAc 
Man 5 GlcNAc 2 , indicating that the Golgi UDP~GJcNAc con- 
centration is probably not limiting. 

Expression of Golgi apparatus-retained g4,4-gaiactosyl- 
transferase. The next step in obtaining a hybrid human-like 
N-Lmked glycan profile was overexpression of ££4,4»galaetosyi" 
transferase. For this enzyme to be active in the secretory path- 
way, it must be localized in the yeast Golgi apparatus. The 
success of Golgi apparatus-targeted expression of GnTI In 
which the yeast Kre2p N-terminal domain was used as a local- 
ization signal prompted us to use the same N-terminal part of 
Kre2p to target f}-l,4-galactosyltransf erase to the Golgi appa- 
ratus. Thus, the N-terminal part of human (34,4»galactosyl« 
transferase 1 (the first 77 amino acids), including the trans- 
membrane domain and the cytosoiic part of the enzyme, was 
replaced by the same part of Kre2p as described above. The 
resulting chimera was placed under control of theAOXl pro- 
moter. The 3' end of AOX1 served as a terminator. Kanamycin 
was used as a selection marker for transformation of the Pmel- 
linearized piasmid. 

It has been suggested that UDP~Gal (the donor substrate for 
(34,4-galactosyltransferase) is present in the Golgi apparatus 
of ,9. cerevisiae (26). The possible galactosyl transfer to the 
glycans of Pichia could provide indirect proof that the same 
thing is true for this yeast. 

Mannoprotein N-glycans from several transformants were 
analyzed. An additional peak that was about one glucose unit 
larger than the GlcNAc Mar^GlcNAco peak was detected in 
the transformants but not in the non transformed strain (Fig. 4, 
panel 7). In parallel with attempts to prove that GlcNAc 
Man 5 GlcNAc 2 was present in the Kre2-GnTI-expressing 
strain, the N-glycans were digested with p-galactosidase to 
ensure that the additional peak contained terminal p-galac- 
tose. After digestion of the glycans, the additional peak was 
indeed shifted back to the position of GicNAcMan 5 GlcNAc 2 
(Fig. 4, compare panels 7 and 8), The amount of GalGlcNAc 
Man 5 GlcNAc 2 could be determined by integrating the 
GlcNAcMa%GlcNAc 2 peak before and after p-galactosidase 
digestion. Subtraction analysis of these two peaks revealed that 
about 10% of GlcNAcMan 5 GlcNAc 2 was converted to 
GalGlcNAcM an 5 G lcNAc 2 - An attempt to increase this 
amount by supplementing the medium with 0.2% galactose did 
not increase the amount of Gal-containing oligosaccharides. 
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DISCUSSION 

In this paper, we describe four steps for humanization of the 
N-glycans of R pastom. In the first step, we developed a vector 
that, after a simple and highly efficient transformation step, 
inactivated the OCHI gene and led to elimination of hypergiy- 
cosylation. The OCHI Inactivation vector which we used dif- 
fered from those described previously in that the inactivation 
of OCHI was accomplished via an efficient single homologous 
recombination event:, whereas Choi et al (11) and Murakami 
and Sngio (25) used a DNA construct that involved a more 
difficult double homologous recombination to inactivate the 
OCHI gene. Second, an HDEL-tagged a-l,2-mannosidase, 
which has been described previously by us (5), was overex- 
pressed in the strain with inactivated OCHL This led to almost 
complete conversion to Man 5 GlcNAc2. To facilitate glycoengi- 
neering, we developed a vector that combined the cassettes for 
OCHI inactivation and mannosidase expression in one plas- 
mid, which allowed production of a homogeneous 
Man 5 GlcNAc2 structure after one transformation step, 

It; has been shown previously by us (24) that coexpression of 
the Z reesei <x-l,2-mannosidase fused to the N- terminal part of 
S. cerevisiae Mnslp and the hyperglycosylated neuraminidase 
did not reduce hyperglycosylation of neuraminidase. In con- 
trast, the relative amount of high-molecular-weight hyperman- 
nose structures increased, it was speculated that this was due 
to trimming of the high-mannose structures, which would have 
resulted in the availability of more substrate for elongation of 
mannosyltransferases. However, this explanation is specula- 
tive, as Choi et al. (11) used the same Mnslp signal sequence 
to direct a Caenorhabditis ekgam mannosidase successfully to 
the ER, resulting in Man 5 GlcNAc 2 on the glycoproteins. The 
two situations, however, are not completely comparable, be- 
cause Choi et al. worked with a strain with a defective OCHI 
gene. 

For the strains described here, we used the same HDEL- 
tagged mannosidase which was described previously (5). How- 
ever, Cailewaert et al (5) reported incomplete mannose trim- 
ming, whereas in this study all N-g!ycans were trimmed to 
Mai^GIcNAcj by the same mannosidase construct. It has been 
suggested that in a strategy in which HDEL-tagged mannosi- 
dase is used, trimming of a-l,2-mannose residues is performed 
extracelftilarly (2), as some mannosidase was found in the 
medium as a result of oversaturation of the HDEL receptor. 
Tills possibility is not supported by the observation that there 
was complete conversion of Man 5 GlcNAc 2 to GlcNAc 
Man 5 GlcNAc 2 upon overexpression of GnTI. The latter step 
cannot occur extracellular ly in the medium, because it is not 
sufficient to have only the oligosaccharide substrate and the 
catalyzing enzyme; the donor substrate UDP-GlcNAc also 
must be present, and sufficient amounts of this compound have 
never been observed in the medium. This demonstrates that 
the mannose trimming occurs intracellular^. 

In two very recent studies by a group at Dartmouth College 
(11 ? 16), a similar method for glycan engineering in P. pastorls 
was developed. A strain with an inactivated OCHI gene was 
obtained by using a double-homoiogous-recombination strat- 
egy. In accordance with our results, no severe growth defects 
were observed. However, analysis of the N-glyeans of a heter- 
ologousiy expressed protein revealed only a minor Man^Glc 


NAc 2 peak, whereas in our system this structure was very 
abundant. Surprisingly, there were also quantitative and qual- 
itative differences in the oligosaccharide compositions of the 
nonmodified strains. In our untransformed strain (GS115) 
mainly Man s . 9 GlcNAc 2 and small amounts of Man 10 ^ 15 Glc 
NAc 2 were present (in the size range of 5 to 20 glucose units), 
whereas Choi et al (11) reported that M.an 10 GIcNAc 2 is the 
smallest giycan. The differences in oligosaccharide composi- 
tion may have been due to the strains used (GS115 and JC308) 
or the nature of the expressed glycoprotein. 

The strain with the inactivated ochl gene expressing man- 
nosidase-HDEL (M5 strain) is a starting point for further 
humanization of the N-glycosylation pathway, by introducing 
liuman GnTI and human p-l,4-gaiactosyl transferase. In exper- 
iments with S, cerevisiae described by Yoshida et al. (33 \ a 
heterologously expressed rat GnTI was found all over the cell. 
This prompted us to use a yeast-specific localization signal to 
target GnTI and p-l,4»galactosyltransferase to the Golgi ap- 
paratus. 

We modified the Pickia N-glycosylation pathway by overex- 
pression of Kre2-GnTI to produce almost homogeneous 
GlcNAcMan 5 GlcNAc 25 as deduced from the sensitivity of the 
structure to £-iV-acetylhexosaminidase. The complete conver- 
sion to GlcNAc Man s GlcNAc 2 is somewhat in contrast to what 
was found by Choi et al (11). In the latter study, Imman GnTI 
was fused to the N4erminai part of yeast Mnn9p and was 
expressed in an ochl knockout strain that concomitantly ex- 
pressed an a-l,2-mannosidase targeted to the Golgi apparatus 
by the S. cerevisiae MnnlOp N-terminai sequence. Complete 
conversion was observed only after introduction of a Kluyverc- 
myces lactis UDP-GlcNAc transporter. The difference could be 
due to the fact that different localization signals were used for 
mannosidase and GnTI activities, and strain differences could 
also have played a role. 

We expressed a Kxe2-|M,4-galactosyltranferase chimera to 
obtain a hybrid structure. However, conversion of the 
GlcNAcMan 5 GlcNAc 2 acceptor to its galactosylated derivative 
was incomplete. This could have been due to a number of 
factors. The Kre2p localization sequence may not have been 
optimal for the galactosyltransferase. It has been shown that in 
mammalian cells galactosyttranferase is localized later in the 
secretory pathway than GnTI is localized. It is also possible 
that the amount of UDP-Gal in the Golgi apparatus is limiting, 
either as a result of a low rate of UDP-Gal biosynthesis or as 
a result of inefficient cytosoL-to-Golgi transport Future re- 
search will be focused on optimization of galactose transfer. 

In the studies of Choi et al. (11) and Hamilton et al. (16) 
mentioned above s fusion libraries were made by fusing the 
N-terminai parts of proteins that are targeted to the secretory 
pathway of yeast with different glycosidases and giycosyltrans- 
ferases from different species. These libraries were screened 
for the best-performing combination of enzyme and targeting 
signal. The detailed results of the screening analysis have not 
been published yet, so we cannot evaluate whether the Kre2p 
leader sequence was used or whether it performed well in these 
studies. Apparently, more than one combination performs 
well. For example^ the researchers at Dartmouth College used 
two different ct4,2-mannosidase-leader combinations in a 
strain to create GlcNAcMan 5 GleNAc 2 . Choi et al. (1 1) used an 
Mnslp-C. eiegans a-l,2-mannosidase fusion, whereas Hamil- 
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ton et al. (16) fused a Secl2p leader sequence to mouse man- 
nosidase IA to reach The same goal Furthermore, in the study 
of Choi et al (11) an MnnlOp-C ekgans mannosidase fusion 
also resulted in the presence of Man 5 GlcNAc 2 on the glyco- 
protein. From these results and from our results we concluded 
that a well-considered choice for a leader sequence might be as 
elective as high -throughput screening. 

In conclusion, we developed a Pichia N~glycan engineering 
tool that allows, in a simple single-transformation step, effi- 
cient conversion of hyperglycosylatton into homogeneous 
Man 5 GlcNAc 2 glycosylation that results in up to 90% homo- 
geneity. Furthermore, by consecutive introduction of two gly~ 
cosyltransferases, we obtained a hybrid- type N-glycan struc- 
ture. Very importantly, none of the glycosylation manipula tion 
steps mentioned above severely affected the yeast's viability. 
These tools allow production of glycoproteins with glycoforms 
of choice in the engineered P. pastoris strains and glycan en- 
gineering of existing strains with good expression levels for the 
purpose of synthesizing glycoproteins with homogeneous re- 
linked glycosylation. We believe that these tools will greatly 
advance the use of P. pastoris in biomanufactnring of recom- 
binant glycoproteins. 
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